Abstract This study presents the synthesis of palladium nanoparticles (PdNPs) using the extract derived from the marine alga, Sargassum bovinum, collected from Persian Gulf area. Water-soluble compounds that exist in the marine alga extract were the main cause of the reduction of palladium ions to Pd nanoparticles. The basic properties of PdNPs produced in this method were confirmed by UV-visible spectroscopy, transmission electron microscopy (TEM), X-ray diffraction (XRD), energy-dispersive X-ray (EDX) analysis, and Fourier transform infrared spectroscopy (FTIR). TEM confirmed the monodispersed and octahedral shape of PdNPs within the size ranges from 5 to 10 nm. Catalytic performance of the biosynthetic PdNPs was investigated by electrochemical reduction of hydrogen peroxide (H 2 O 2 ). PdNPmodified carbon ionic liquid electrode (PdNPs/CILE) was developed as a nonenzymatic sensor for the determination of hydrogen peroxide. Amperometric measurements showed that PdNPs/CILE is a reliable sensor for the detection of hydrogen peroxide in the range of 5.0 μM-15.0 mM with a sensitivity of 284.35 mAmM −1 cm −2 and a detection limit of 1.0 μM. Moreover, PdNPs/CILE exhibits a wide linear range, high sensitivity and selectivity, and excellent stability for the detection of H 2 O 2 in aqueous solutions.
Introduction
of the relevant literature revealed that synthesis of PdNPs using algae has not been investigated so far, which aroused our interest in the present study. Therefore, this study attempts to assess the possibility of the production of palladium nanoparticles through a crude extract of Sargassum alga. The green synthesis of PdNPs using crude extract from Sargassum alga would provide an alternative to the chemical method.
Hydrogen peroxide (H 2 O 2 ) is one of the most important substances playing the role of a mediator in the food, pharmaceutical, medical, and chemical industries [28] . H 2 O 2 is also a major by-product of many biological reactions catalyzed by various enzymes [29] . Thus, rapid and reliable determination of H 2 O 2 is of great importance.
Electrochemical sensors have been applied as promising tools for the detection of H 2 O 2 due to their low cost, high selectivity and sensitivity, fast response, and simplicity [30] [31] [32] [33] . The electrochemical sensors are usually based upon the surface modification of electrodes with enzymes or proteins such as horseradish peroxidase [34] , hemoglobin [35] , or myoglobin [36] . The presence of enzymes or proteins on the surface of electrode accelerates the transfer of the electron between the electrodes and H 2 O 2 . However, enzyme-modified electrodes often show low stability and require complex immobilization procedures and critical operation conditions. In nonenzymatic H 2 O 2 sensors, the appropriate modification of electrode surface has generally been performed to enhance the electron transfer between the electrode and H 2 O 2 as well as to minimize the overpotential. Nanomaterials have provided new opportunities for the evolution of novel nonenzymatic H 2 O 2 sensors [37] . Among the various nanomaterials, noble metal nanoparticles have also attracted extensive attentions for their applications in many features including catalysis and biosensoring.
In this report, we investigated the biological, natural, and low-cost crude extract of marine Sargasssum alga as a reducing and capping agent for the synthesis of PdNPs. Thus, the use of hazardous chemicals and solvents was eliminated. This method of nanoparticle preparation has great importance for the future likely applications due to its simplicity, accessibility, and effectiveness. Furthermore, the as-prepared Pd nanoparticle-modified carbon ionic liquid electrode (PdNPs/CILE) was employed for the determination of H 2 O 2 via electrochemical reduction by using cyclic voltammetric (CV) and amperometric methods. CILE and nanoparticles modified by CILE have been known to be a very suitable electrode for the oxidation or reduction of a wide range of analytes [38, 39] . The results showed that the PdNPs/CILE has high sensitivity and selectivity, wide linear range, and good stability for the determination of H 2 O 2 in aqueous solutions. The interesting performances of the electrode coupled with its simple and green preparation procedure of PdNP synthesis make it a promising electrochemical sensing platform.
Experimental Chemicals and Reagents
Palladium chloride (PdCl 2 ), ascorbic acid (AA), uric acid (UA), ethanol, 1-iodooctane, pyridine, and diethyl ether were purchased from Merck. Hydrogen peroxide (H 2 O 2 ) and dopamine (DA) were obtained from Sigma. Ammonium hexafluorophosphate and graphite powder (mesh size <100 lm) were supplied from Fluka. Double-distilled water was used throughout the experiment.
Apparatus
The electrochemical measurements were carried out using an Autolab Electrochemical System (Eco-Chemie, Utrecht, The Netherlands) equipped with Autolab type II and GPES software (Eco-Chemie) in a classical three-electrode cell equipped with CILE and PdNPs/CILE (1.8 mm in diameter), platinum plate, and Ag/AgCl as the working, counter, and reference electrode, respectively. Electrocatalytic properties for H 2 O 2 reduction were investigated in a 0.1 M phosphate buffer solution (PBS, pH 7) at room temperature. The phosphate buffer solutions were made by sodium phosphates (Na 2 HPO 4 , NaH 2 PO 4 ). All the test solutions were thoroughly deoxygenated by pure nitrogen for about 10 min prior to each experiment. FTIR analyses were recorded using Shimadzu FTIR-8300 series in the range of 4000 to 400 cm . The morphology and size of PdNPs were visualized using Transmission Electron Spectroscopy (TEM) on a Zeiss-EM10C-80 KV. XRD measurements were carried out on a D8, Avance, Bruker, AXS diffractometer with Cu-Kα radiation (λ=1.5418 Å) with a scan speed of 2°/min. Absorption spectrum was recorded on a Specord Analytic Jena UV-visible spectrophotometer.
Preparation of the Extracts
Sargassum bovinum alga were collected along the Bushehr coast of the Persian Gulf (Southwestern Iran) in May 2014. The alga was brought to the laboratory and cleaned thoroughly in fresh water and then by distilled water to remove sand and salts. After cleaning, algae were dried in shade at room temperature for 1 week. The dried sample was ground to powder in a mortar. Briefly, about 1 g of dry alga material was homogenized in 100 ml double-distilled water and boiled for 15 min. The crude extract was passed through a Whatman No.1 filter paper and the filtrates were stored at 4°C for further use.
Synthesis of Pd Nanoparticles
For the synthesis of Pd nanoparticles, about 50 mL aqueous solution of 1 mM palladium chloride (PdCl 2 ) was mixed with 10 mL of crude extract of marine alga. The whole mixture was put into a rotary shaker at 60°C (160 rpm) for 24 h and maintained in the dark. Control experiments were conducted by inoculated media, to check for the role of alga in the synthesis of nanoparticles. The progress of the reaction was monitored by observing color changes as well as recording UV-visible spectrum. The initial yellow solution turned to dark brown, indicating the formation of palladium nanoparticles. For the characterization and application of Pd nanoparticles, the dark brown color solution was centrifuged at 12,000×g for 30 min using a high-speed centrifuge (Eppendorf centrifuge 5810R). The pellet obtained was washed with distilled water and ethanol and centrifuged again for 30 min. The process was repeated to remove water-soluble biomolecules from PdNP suspension. These nanoparticles were found free of any contamination and were suitable for FTIR, TEM, XRD, and other analyses.
Electrode Preparation
A PdNPs/CILE electrode was constructed by hand mixing the weighed amounts of graphite powder, ionic liquid (OPyPF 6 ), and PdNPs (50 %:40 %:10 %, wt%), respectively. These substances were mixed to yield a paste. A portion of the resulting paste was packed into the cavity (1.8 mm i.d.) of a Teflon holder. In order to have a lower background current and a better homogeneity of the composite, the electrode should be heated to a temperature above the melting point of the ionic liquid (mp 65°C) prior to its use [38] . The electric contact was established via a copper wire. A new surface of the electrode was obtained easily by polishing the electrode surface by a smooth paper.
Results and Discussion
A detailed study on the marine alga biosynthesis of palladium nanoparticles was performed in this work. The appearance of dark brown color in the reaction mixture indicates the synthesis of palladium nanoparticles form crude extract of Sargassum alga with 1 mM palladium chloride solution. PdNPs were accessed via bioreduction of aqueous palladium solution with dried biomass of a brown alga, S. bovinum. The conversion of palladium ions into metallic palladium was monitored by UV-Vis absorption measurement in the range of 300-800 nm. UV-visible spectra of the synthesized PdNPs were showed in Fig. 1 . The inset of Fig. 1 shows the change in solution color (from yellow to dark brown). Figure 1 displays the absorption spectra of palladium nanoparticles after 24 h of bioreduction by the crude extract of Sargassum alga and the absorption spectra of PdCl 2 solution, used for comparison. The absorption bands observed in the spectrum of PdCl 2 solution were attributed to the ligand-to-metal chargetransfer transition of the Pd (II) ions [40] . The absence of the absorption peaks above 300 nm in the spectrum of Pd nanoparticles confirmed the complete reduction of the initial Pd (II) ions. The spectra of the PdNPs showed a broad absorption band extending throughout the visiblenear-ultraviolet region, which was attributed to the PdNPs. In order to confirm the reduction of palladium ions by chemical constituents of the medium, a parallel experiment without the crude extract of algal was also carried out. The synthesized nanoparticles covered with biomolecules are well dispersed in the solution and fairly stable up to 5 months.
The obtained result from the TEM study provides clear evidence regarding the shape and size of the nanoparticles. The PdNPs synthesized by the aid of Sargassum extract were scanned using TEM from which the average mean size of the PdNPs was 5 nm and seemed to be octahedral [41] in morphology as shown in Fig. 2a . EDX spectra reveal strong signals in (Fig. 2b) .
Further studies were carried out using X-ray diffraction to confirm the crystalline nature of the nanoparticle, and the XRD pattern obtained was represented in Fig. 3 . XRD analysis showed three distinct diffraction high-intensity peaks at 40.0°, 46.5°, and 68.0°, which indexed the planes (111), (200), and (220) of the cubic face centered Pd followed by a couple of peaks at 81.9°and 86.4°indexed the 311 and 222 planes [41] . This clearly proves that the Pd nanoparticles formed in the green synthesis are crystalline in nature.
FTIR measurements were carried out to identify the possible biomolecules responsible for the reduction of the Pd ions and capping of the bioreduced PdNPs synthesized by the crude extract. The FTIR spectra of the crude extract of marine alga and biosynthesized PdNPs are depicted in Fig. 4. FTIR . These peaks generally occur in polysaccharide spectrum indicating the participation of sulfated polysaccharides in the synthesis of PdNPs [42] . Thus, the result revealed that the capping of the PdNPs has mostly been carried out by sulphated polysaccharides existent in Sargassum alga.
A few algal species have shown the potential to synthesize nanoparticles by releasing biomolecules which can reduce ions to nanoparticles. Sargassum is rich in terpenoids, polyols, and polysaccharides which contribute to its distinct aroma. Shankar et al. reported that the polyols such as terpenoids, flavones, and polysaccharides in the marine alga were reported to a b be the main cause of the bioreduction of silver and chloroaurate ions [22] . Li et al. demonstrated that a reduction of palladium took place between the hydroxyl group of the polyols in the C. camphora leaf broth and the Pd (II) ions [25] . Likewise, the reaction between the crude extract of Sargassum alga and the Pd (II) species might occur based on the similar reaction, where the polyol and polysaccharides extracted from the Sargassum alga reduced and capped the PdNPs, thereby stabilizing them. However, it is not yet clear which compounds are responsible for the reduction and stabilization of the palladium nanoparticles. The electrocatalytic activity of as-prepared Pd nanoparticle-modified CILE towards the reduction of H 2 O 2 was investigated by cyclic voltammetry in 0.1 M PBS. Figure 5 shows the cyclic voltammograms of 1.0 mM H 2 O 2 at (a) bare CILE and (b) PdNP-modified CILE (PdNPs/CILE). The bare CILE did not show any significant response to 1.0 mM H 2 O 2 in the studied potential range. Contrastingly, a significant difference in peak potentials and peak currents can be observed at the CV curves of PdNPs/CILE in the presence of H 2 O 2 , indicating the promotion role of palladium nanoparticles towards H 2 O 2 reduction. In the presence of 1.0 mM of H 2 O 2 , a catalytic reduction peak with a relatively high current response can be observed around −0.1 V at the surface of PdNPs/CILE, which is more positive than some previously reported potentials for H 2 O 2 reduction.
The effect of the scan rate for PdNPs/CILE on the hydrogen peroxide reduction was investigated. It can be seen that the reduction current increases with increasing the scan rate. The peak current was linearly proportional to the square root of the scan rate within 5-500 mVs −1 , I=−0.3205υ 1/2 −1.445, which indicates that hydrogen peroxide reduction is controlled by a diffusion process.
Electrocatalytic activity of the PdNPs/CILE electrode towards H 2 O 2 reduction was further examined by amperometric technique at a potential step of −0.2 V which is in the activation potential region of H 2 O 2 reduction. The amperometric response of the PdNPs/CILE was measured by successive injection of H 2 O 2 under a stirred condition (Fig. 6 ). As hydrogen peroxide was added to the PBS, the reduced current increased stepwise, and a well-defined amperometric response was obtained. Figure 6b shows the enlargement of the lower section of the amperogram. Reduction reaction is very fast and the current reaches a steady-state level within 3-5 s upon successive additions of hydrogen peroxide. The inset of Fig. 6a demonstrates a linear calibration curve for H 2 O 2 sensing at the PdNPs/CILE, indicating a broad dynamic measurement range from 5 μM to 15 mM. The sensitivity determined by the slope of the calibration plot is 284.35 μA mM −1 cm
. The limit of detection of 1 μM, based on a signal-to-noise ratio of 3, was obtained experimentally. The wide linear range, good sensitivity, and low detection limit of this sensor can be due to the efficient electrocatalytic activity of Pd nanoparticles for H 2 O 2 reduction.
The reproducibility of the PdNPs/CILE was investigated to evaluate its applicability. The relative standard deviation (RSD) for monitoring the response of five separate electrodes made with different CILE pastes to 1 mM H 2 O 2 was calculated to be 3.2 %, and a single electrode using five consecutive determinations showed average RSD of less than 2.5 %. These results demonstrate the reliability of this method. A comparison between previously reported palladium-modified electrodes for the determination of hydrogen peroxide is presented in Table 1 . A comparison reveals that the reduction of hydrogen peroxide at PdNPs/CILE is achievable at a low overpotential and provides good superiority in terms of sensitivity and linear calibration range. Thus, PdNPs/CILE is a promising candidate for the development of effective hydrogen peroxide sensing.
The selectivity of PdNPs/CILE were evaluated by amperometry in the presence of glucose, ascorbic acid (AA), uric acid(UA), and dopamine (DA), which are the common interfering materials for the detection of Fig. 7 . The current response of the PdNPs/CILE to successive injection indicates that the composite electrode has a strong and fast response to the injection of H 2 O 2 ; however, no signal is observed with the addition of glucose, AA, DA, and UA. Thus, good selectivity was observed at the proposed electrode in 
Conclusion
This investigation indicates that Sargassum alga with a potential for reduction of palladium ions in particular have an immense potential for continuous production of palladium nanoparticles in a green synthesis method. Pd nanoparticles were successfully fabricated by a simple, low-cost, and ecofriendly green method using PdCl 2 as a source of metal nanoparticles without any surfactants and templates. In this study, Sargassum bovinum proved to be an important biological component for biosynthesis of stable palladium nanoparticles. The catalytic performance of the biosynthetic PdNPs was investigated by electrochemical reduction of hydrogen peroxide. The PdNPs/CILE exhibited a high sensitivity and selectivity, a wide linear range, a low detection limit, and a fast response for detection of H 2 O 2 . The interesting performances of the electrode coupled with its simple and green preparation procedure of Pd synthesis make it a promising electrochemical sensing platform.
